An endo-acting proline-specific oligopeptidase (prolyl oligopeptidase [POPase], EC 3.4.21.26) was purified to homogeneity from the Triton X-100 extracts of cells of Treponema denticola ATCC 35405 (a human oral spirochete) by a procedure that comprised five successive fast protein liquid chromatography steps. The POPase is a cell-associated 75-to 77-kDa protein with an isoelectric point of ca. 6.5. The enzyme hydrolyzed (optimum pH 6.5) the Pro-pNA bond in carbobenzoxy-Gly-Pro-p-nitroanilide (Z-Gly-Pro-pNA) and bonds at the carboxyl side of proline in several human bioactive peptides, such as bradykinin, substance P, neurotensin, angiotensins, oxytocin, vasopressin, and human endothelin fragment 22-38. The minimum hydrolyzable peptide size was tetrapeptide P3P2P,P',, while the maximum substrate size was ca. 3 kDa. An imino acid residue in position P1 was absolutely necessary. The hydrolysis of Z-Gly-Pro-pNA was potently inhibited by the following, with the Kj(8pp) (in micromolar) in parentheses: insulin B-chain (0.7), human endothelin-1 (0.5), neuropeptide Y (1.7), substance P (32.0), T-kinin (4.0), neurotensin (5.0), and bradykinin (16.0). Chemical modification and inhibition studies suggest that the POPase is a serine endopeptidase whose activity depends on the catalytic triad of COOH ... Ser ... His but not on a metal. The amino acid sequence around the putative active-site serine is Gly-Gly-Ser*-Asn-Pro-Gly. The enzyme is suggested to contain a reactive cysteinyl residue near the active site. Amino acid residues 4 to 24 of the first 24 N-terminal residues showed a homology of 71% with the POPase precursor from Flavobacterium meningosepticum and considerable homology with the Aeromonas hydrophila POPase. The ready hydrolysis of human bioactive peptides at bonds involving an imino acid residue suggests that enzymes like POPase may contribute to the chronicity of periodontal infections by participating in the peptidolytic processing of those peptides.
Treponema denticola is one of the predominant members of the human periodontal flora (15, 20-24, 34, 45) . Previous studies suggest that T. denticola is associated with periodontal infections by adhering to epithelial cells (36) , gingival fibroblasts (50) , fibronectin (7) , laminin, fibrinogen, gelatin, and type I and type II collagens (12) ; by degrading basement membrane collagen (48) ; by invading healthy tissue (9, 14, 21, 32) ; by suppressing fibroblast proliferation (4) ; by causing microulceration of the sulcular epithelium (28, 30) ; by showing keratinolytic activity (31) ; and by exhibiting mutual symbiotic growth enhancement with another periodontal pathogen, Porphyromonas gingivalis (10) . Treponemal cells have been shown to migrate through the basement membrane (11, 48) , and T. denticola proteases activate host latent procollagenase (46) . Because of the complexity of the overall process, the detailed chemical mechanism of human treponemal infections is not known, although the above studies suggest that proteases and peptidases present in the outer cell envelope or in the periplasmic space of the treponemes may play a crucial role. Our research has focused on the cell-associated oligopeptidases of treponemes and discovered in these cells a novel prolyl endopeptidase with a strict specificity profile.
Prolyl endopeptidases (EC 3.4.21.26 ; previously called postproline endopeptidases) have received attention because of their role in the metabolism of vasoactive peptides (29, 49, 52, 53, 62) . A member of this enzyme family, the prolyl oligopeptidase (POPase), may participate in the processing of brain angiotensin (Ang) (52) and in the degradation of oxytocin (59) . After the N-terminal heptapeptide of Ang-I was also demonstrated to possess biological activity through a pathway that is not dependent on Ang-converting enzyme, POPase was defined as one of the putative Ang-I-processing enzymes and thus part of the RAS cascade (51) . It was further suggested that synthetic peptide inhibitors of POPase act as antiamnestic agents (60) . A POPase from human brain (16) and pig muscle (38) has been characterized and may be involved in the maturation and degradation of hormones and neuropeptides (29, 49, 53) .
Mammalian POPases are sensitive to diisopropyl fluorophosphate, although they are also inhibited by p-hydroxymercuribenzoic acid (pHMB) (49, 53) . These and other characteristics have given the POPases an imprint of an "obscure" group of serine proteases (1) . The substrate often used in the assay of the POPases is carbobenzoxyglycyl-L-prolyl-p-nitroanilide (ZGly-Pro-pNA), in which the enzyme hydrolyzes the Pro-pNA bond. The same enzyme is responsible for all the activities previously attributed to postproline endopeptidase, endooligopeptidase B, TRH-deamidase, brain kinase B, and oxytocindegrading enzyme (57) . This enzyme was later termed POPase and recently called prolyl oligopeptide hydrolase. This enzyme family reflects a further distinct evolutionary line of serine peptidases and differs in catalytic mechanism from the chymotrypsin and subtilisin families (40) . In (35) . For the purpose of enzyme purification, 1.2-liter aliquots of the growth medium in 1.5-liter screw-capped flasks were inoculated with 100-ml aliquots of cultures (27) (i) Hydroxyapatite-FPLC. The enzyme (normally in 50-ml aliquots) resulting from the detergent extraction was subjected to high-resolution hydroxyapatite-FPLC (Fig. 1A) . The active fractions were combined, and the enzyme was concentrated using Amicon Centriprep-30 membrane filters.
(ii) Phenyl-Sepharose FPLC. Solid NH4Cl was added to the enzyme from the previous step to a final concentration of 3.5 mol/liter. The enzyme was then subjected to separation on a phenyl-Sepharose gel involving a descending NH4Cl gradient (Fig. 1B) . The (Fig. 1C) . Normally, less than 10-ml volumes of the dialysate were applied to the column using a Superloop 10 sample applicator (Pharmacia). The resulting enzyme was concentrated as above.
(iv) Gel permeation chromatography. The enzyme was finally subjected to two consecutive separations on a Superose 12 column (Fig. 1D) . The (27) , which hydrolyzed Bk at the Pro-7-Phe-8 bond in addition to the Phe-5-Ser-6 bond hydrolyzed by the purified enzyme proper (27) . Subsequent studies showed that it was the POPase that hydrolyzed the Pro-7-Phe-8 bond and that this enzyme could be conveniently assayed using Z-Gly-Pro-pNA as the substrate. The activity of POPase was determined in 1.0-ml reaction mixtures containing 0.05 mol of MES (morpholine ethanesulfonic acid) (pH 6.5), 0.2 mmol of Z-Gly-PropNA (dissolved in methanol) (3), and 1 to 10 ,ul of enzyme per liter at 30°C. After enzyme addition, the increase in absorption at 405 nm was monitored for 5 min at 30°C using a Shimadzu UV-265 recording spectrophotometer and a thermostated cuvette holder. The value of 8,800 M-1 cm-' was used for E405.
Determination of the cleavage site of peptides. The study of the hydrolysis of peptides was based on the separation of the products of hydrolysis by reversed-phase chromatography on a Pharmacia PepRPC 5/5 column. The peptide substrates were first incubated for various periods of time (5 min to 2 h) in 50 mmol of MES (pH 6.5) per liter with 2 ,ug of enzyme and a suitable quantity of the peptide (0.1 mmol/liter) at 30°C. Aliquots of the mixtures were withdrawn at desired reaction times, and the reactions were quenched by adding eluent A (see below) to the aliquot (1:1). The mixtures were immediately subjected to reversed-phase chromatography on a Pep-RPC R 5/5 column, using the Pharmacia FPLC system. Eluent A was 0.1% trifluoroacetic acid in water, and eluent B was 0.1% trifluoroacetic acid in acetonitrile or 0.05% trifluoroacetic acid in isopropanol. The increase in the percentage of B per minute depended on the peptide used. The absorption of the peptide fragments was monitored at 214 nm. The fractions containing these fragments were combined, and the resulting solution was evaporated to dryness using a SpeedVac evaporator. The dry residues were hydrolyzed for 4 h at 145°C in 6 mol of HCl per liter, and the resulting hydrolysates were evaporated to dryness. The final dry residues were dissolved in a Beckman System 6300 dilution buffer for compositional amino acid analyses on a Beckman System 6300 High Performance Analyzer. The molar ratios of the individual amino acids were used to determine the structure of the peptide fragments involved.
Determination of Ki values. Determination of KI(app) values in the POPase-catalyzed hydrolysis of Z-Gly-Pro-pNA was carried out by following the reaction in the absence of the inhibitor to establish the uninhibited linear rate of substrate hydrolysis (v0). Inhibitor (at least 20-fold molar excess over enzyme) in no more than 2% of the total assay volume was added. The reaction was followed to establish the inhibited rate (vi). Substrate concentration was kept constant by allowing no more than 5% hydrolysis. Under these conditions, Ki(app) (i.e., Ki in the presence of substrate) was given by vGlvi = 1 + [1] 114(app) where [I] is the concentration of the inhibitor (43) . The values of Ki proper was calculated according to CornishBowden (6).
Protein determination. The protein concentration was determined spectrophotometrically at 220 nm (54) .
Chemical modification of POPase. Modification of seryl residues was performed with diisopropyl fluorophosphate. Modification of histidyl residues by diethyl pyrocarbonate was studied according to Miles (33) . Treatment of the POPase with N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) to study the involvement of carboxyl groups in enzyme activity was performed at 25°C (39, 42) . E-64 IL-trans-epoxysuccinylleucylamide-(4-guanidino)-butane], Hg +, and pHMB were used to study the modification of active sulfhydryl groups of the enzyme (2). Unless otherwise mentioned, all modifications were carried out in an iced water bath.
RESULTS
Production and localization of POPase in the cells. The maximum yield of the enzyme was obtained after 2 to 4 days of growth. The maximum production thus took place during the logarithmic growth phase, declining thereafter, although the growth of the cells had not Amino acid composition, molecular weight, and isoelectric point. The amino acid composition of the POPase is shown in Table 2 . These data gave for the molecular weight a range of 77,023 to 77,121 (mean, 77,072; SDS-PAGE gave a value of 75,000; FPLC on Superose-12 and Superose-6 gave 75,000 and 77,000, respectively). The estimated minimum length of the peptide was 689 amino acid residues. The isoelectric point of the POPase was 6.5 (determined in free solution by means of an LKB isoelectric focusing column and a pH gradient of 3.5 to 10). Substrate specificity. Substrate specificity studies are summarized in Table 3 . In oligopeptides, the enzyme hydrolyzed internal peptide bonds which involved the carboxyl group of a Table 4 . The high affinity and specificity constants for SP and Ang-I deserve attention. Among the peptides studied, SP was the best POPase substrate.
Effect of pH on enzyme reaction. The enzyme hydrolyzed Z-Gly-Pro-pNA most rapidly at pH 6.5 when tested in 50 mmol of MES per liter and Bis-Tris buffers (Fig. 3) . Washed whole cells hydrolyzed Z-Gly-Pro-pNA, Bk, and SP rapidly near pH 6.5 as well.
Elect of NaCl. The POPase was strongly activated by NaCl at up to 1.5 mol/liter. The degree of activation increased with increasing pH (Fig. 4) . The effect of NaCl was studied because this salt exerts a selective effect on proline-specific peptidases, i.e., low and high concentrations have quite different and characteristic effects on the rate of hydrolysis of the favored substrates of three peptidases of T. denticola ATCC 35405 (Fig. 4) . The activity of proline aminopeptidase (active on Not-L-prolyl-2-naphthylamine) (25) did not appreciably depend on NaCl at the concentrations used, while the FALGPApeptidase (27) was inhibited by all NaCl concentrations tested.
This differentiation between treponemal peptidases by specific NaCl effects may be important to the in vivo function of the enzymes, because their natural environment (human gingival crevice) may contain Cl-at relatively high levels, i.e., up to 0.01 mol/iter (8 Z-GIP-pNA
FBI-Peptideb RSD-P-K-P 1-5; 6-10; 1-6
Hnge region pepddec P-T-P NS-N2 (17) , and pig brain (P-POP) (41) . The putative active-site aspartic acid residues have been circled. The active seryl residues have been marked with an asterisk (for the 6.2-kDa T-POP fragment, the involvement of the corresponding seryl residue in enzyme activity remains to be vindicated). The sequencing studies of the 6.2-kDa fragment provided inconclusive results for residue 24 (which is either R or S), for residue 36 (which is most likely G), and for residue 43 (which is most likely V). Residues identical to those of T-POP are shaded.
are necessary for the perpetuation of the pathogen in human habitats. Such a functional adaptation to the host environment may enable the enzyme to escape from being recognized by the host's immune system as nonself (18) and consequently avoid inactivation. Such bacterial functions may be pathogenic to the host. This study demonstrated the presence in the cells of T. denticola ATCC 35405 of a POPase which is active on prolinecontaining HBPs. On the criteria of purity presented above, the T. denticola POPase was judged to be homogeneous, although the enzyme yield was regarded as somewhat unsatisfactory. The lower yield should be considered against the fact that in purification steps involving hydrophobic-interaction FPLC, the interactions that maintain protein conformation are also those that mediate retention. Therefore, the FPLC itself can cause partial or even complete unfolding of a protein. On the other hand, this FPLC step is sensitive enough to separate the pure native protein from other forms (Fig. 1B) . The POPase is an example of "proline-specific peptidases" (this term implies that the peptidase requires an imino acid residue at or near the scissile bond). A typical proline-specific enzyme is proline aminopeptidase (EC 3.4.11.5), which is remarkably active in cells of T. denticola (25) , suggesting that it plays an important role in the propagation of this organism. A specific function may also be ascribed to the FALGPA-peptidase, which acts on Bk and small collagen fragments (27) and requires the presence of a proline residue at the P'2 position of the substrate, which is hydrolyzed. The treponemal prolinespecific peptidases, including the POPase, seem to be cell associated, but so located (in the outer membrane?) that they can readily inactivate HBPs present at the site of inflammation. It is thus possible that the proline-specific peptidases are important in the chemical aggressiveness of the treponemes.
Based on the evidence presented in this paper, the T. denticola peptidase can be considered to belong to the POPase family of serine proteases (40) . This proposition is primarily based on the strict specificity of the peptidase for a proline residue in the P1 position of peptides ranging from tetrapeptides to about 3-kDa oligopeptides. Second, the chemical modification studies suggested the involvement of an active seryl residue, an active histidyl residue, and an active carboxyl group, which form the catalytic triad in the POPase family; the amino acid sequence around the active-site serine residue closely resembles that of POPase from F. meningosepticum, A. hydrophila, and pig brain. Third, the mol. wt. and the pH optimum of the T. denticola peptidase were similar to those of POPases. Furthermore, the sequence of N-terminal amino acid residues 4 to 24 showed >70% homology with residues 35 to 52 of the F. meningosepticum POPase precursor (61) , and residues 10 to 24 showed a close similarity with sequence 18 to 32 of A. hydrophila POPase (17) .
The T. denticola enzyme contains at least three Cys residues, of which one reacts stoichiometrically with pHMB. It is possible that this reactive Cys residue is necessary to confer conformational changes upon substrate binding. Previous literature suggests that the Flavobacterium (58) and the Xanthomonas (47) POPases are not inhibited by sulfhydryl reagents. Consequently, the Treponema enzyme may be considered to resemble in this respect more closely the mammalian POPases which show susceptibility to pHMB (52) . The POPase gene of eukaryotes may have evolved further, with the introduction of an additional Cys residue near the active site.
The biological role of the POPase must be closely associated with the location of the enzyme in the cells. The T. denticola POPase may be regarded as a bacterial "ectopeptidase," because quite low detergent levels liberated the enzyme virtually entirely. Triton X-100 is known to remove the outermost layer of the cells of T. denticola (5), this structure being the source of several peptidases. The ability of intact, washed cells to bring about the rapid hydrolysis of Z-Gly-Pro-pNA, SP, and Bk with enzymatic characteristics similar to those of the purified POPase (to be reported) must be emphasized. The enzyme indeed displayed high affinity for Bk, SP, Ang-I, and others. It is possible that the POPase interferes with the normal balance of such proline-containing peptides, thereby contributing to the maintenance of the inflammatory condition in periodontal infections. For example, fragment SP [5] [6] [7] [8] [9] [10] [11] , which is produced by the POPase from intact SP, has been found to be biologically more active than SP itself (56) . Furthermore, the POPase can also serve as an ancillary Ang-I-converting system, because the T. denticola peptidase also liberated fragment 1-7 from the intact Ang-I. This fragment is biologically active (52) . Therefore, although it is POPase is incidental, with no pathological meaning, the POPase is expressly an oligopeptidase with a strict specificity, not a protease. The enzyme showed too low affinity constant values for several proline-containing HBPs to be categorically ignored; low values of those constants speak for high affinity in substrate binding. The cells of T. denticola possess the POPase for a purpose, and it is conceivable that the natural substrates of this enzyme include natural, proline-containing HBPs. Future research must elucidate the possibility of collagen fragments and salivary proline-rich peptides acting as potential substrates of the POPase. It is noteworthy that peptides can replace free amino acids as preferential growth substrates of T denticola (44, 55) . The reason for larger peptides being inhibitors and not substrates may be the strict spacial geometry of the active site of the POPase. The active site may have to accommodate the entire scissile peptide (<about 3 kDa), or most of it, in order to trigger the cleavage of the proline-containing peptide bond. With larger peptides, binding of only the potentially hydrolyzable site may take place; the peptide may be too large to trigger hydrolysis. This results in a strong and specific inhibition of the POPase.
The proposition that mammalian POPases participate in the normal processing of human proline-containing peptides deserves attention. The proline residue may serve as a regulatory signal determining the life-time and degradation rates of proline-containing HBPs. The close structural and functional similarity between the host's and the pathogen's POPases suggests that the "pathogenic" POPases may interfere with the normal peptidolytic processing of the host's oligopeptides without being effectively eliminated by the immunologic defense of the host. The POPase seems to complement the rich peptidase arsenal of the treponemal cell wall. Other peptidases, such as the FALGPA-peptidase (27) , the PZ-PLGPApeptidase (26), BAPNA-peptidase (35) , and proline aminopeptidase (25) , complete each others' specificities. The combined peptidolytic capacity may render possible an effective exploitation of the host's bioactive peptides for the benefit of the treponeme's propagation.
